Abstract-In vitro extraction of sediments using digestive fluid of deposit-feeding invertebrates has been advocated as a measure of in vivo bioavailability, but the standard procedure used for the extractions alters fluid properties relative to in vivo conditions. In vivo fluid properties (redox potential [Eh], pH, dissolved oxygen) were measured in the gut of the polychaete Arenicola brasiliensis, and then the effects of gut evacuation, elevated temperature, and atmospheric exposure on these properties and/or metal and metalloid extraction capability of the fluid was assessed. The midgut of A. brasiliensis has an electropositive Eh of about ϩ170 to ϩ230 mV, a neutral pH, and little or no dissolved oxygen. Exposure to the atmosphere during in vitro extraction increased gut fluid oxygen content and affected the ability of the fluid to extract some trace elements from sediment particles, particularly Pb, Ni, Cu, Mn, and As. Even for these substances, however, the effects of oxygen exposure on extractability by gut fluid typically were small (Ͻ2-fold difference in amount extracted). For Cr, Hg, Se, Cd, Fe, and Zn, the effects of oxygen exposure usually were minor and inconsistent in direction. Maintaining anaerobic conditions during in vitro contaminant extractions is necessary when the experimental objective is to mimic accurately in vivo conditions and predict trace element extraction in the gut. If using metal extractability as a relative measure for sediment risk assessment purposes, a high degree of accuracy may not be required, and aerobic in vitro extractions could be suitable and produce only minor errors in extractability relative to in vivo conditions.
INTRODUCTION
In vitro extraction of sediments using the digestive fluid of deposit-feeding invertebrates has been suggested as a means to quantify the bioavailability of particle-adsorbed contaminants [1] . In this procedure, the sediment of concern is incubated in natural digestive fluids obtained from any of several invertebrate species, and the fraction of contaminant that is desorbed is quantified on the presumption that desorption would enhance bioavailability. Though all digestively solubilized contaminants subsequently may not be absorbed, especially for metals [2, 3] , the technique at least places an upper limit on how much could be bioavailable to that organism through ingestion and digestive processes. Compared to conventional extractions employing a strong acid or exotic organic solvent, the use of natural digestive fluid solubilizes a far smaller fraction of the total particle-associated contaminant [4] . The in vitro extraction approach has been used as a measure of contaminant bioavailability [2, [5] [6] [7] [8] [9] [10] , to examine the kinetics or mechanisms of digestive contaminant solubilization [11, 12] , to study modes of toxic action [13] , and to examine digestive dissolution of natural radionuclides [14] .
Conceptually, the in vitro approach is intended to mimic in vivo gut conditions. However, there is reason to question whether procedures used in past applications of the technique alter the properties of the gut fluid relative to in vivo conditions, potentially misrepresenting in vivo contaminant bioavailability. First, the organisms from which gut fluid is collected have been held in seawater without sediment to allow opportunity for gut evacuation and to increase gut fluid yield upon dissection, perhaps altering gut fluid properties relative to an actively feeding animal. Second, extractions have been done at ambient temperature rather than the in situ temperature appropriate for that species, potentially altering fluid properties such as surfactancy. Third, in vitro extractions have been done under ambient atmosphere even though it is known that dissolved oxygen is lacking in the guts of many deposit feeders [15] . Artifacts of the extraction atmosphere likely are more pronounced for trace metals, rather than hydrophobic organic compounds, through oxidation-reduction effects on speciation. Finally, in vitro digestive fluid extractions typically have been done for time periods ranging from 2 h [5] to 4 h [1, 11] . It is possible that extractions of this length, at elevated temperatures (relative to in situ) and in the presence of oxygen, could alter the solubilization, and hence estimated bioavailability, of contaminants relative to in vivo conditions.
The vast majority of in vitro digestive fluid extraction work has been done with gut fluid from arenicolid polychaetes, either Arenicola marina (e.g., [1] ) or Arenicola brasiliensis (e.g., [5, 6] ). Our experiments are intended to quantify in vivo conditions in the gut of A. brasiliensis (pH, Eh, dissolved oxygen), and then to determine if gut evacuation time or the temperature of in vitro extraction alters these conditions. Finally, we intend to compare the efficiency of trace element solubilization between extractions done under traditional protocols with those done under oxidation-reduction conditions as close as possible to in vivo conditions.
MATERIALS AND METHODS

Collection and use of gut fluid
Arenicola brasiliensis is a subsurface deposit feeder that lives 10 to 15 cm below the sediment surface in sandy sediments within the intertidal zone. It was chosen for this study Trace element solubilization in digestive fluid Environ. Toxicol. Chem. 23, 2004 1835 because of its size (ϳ20 g wet wt, 15 cm in length), simplifying the collection of digestive fluid. The species was collected on the Pacific coast near San Francisco (CA, USA) and transported to the laboratory within 2 h. Depending on the experiment, they were either placed in their home sediment for up to 4 d at 13ЊC (their home site temperature), or held in seawater only at 13ЊC to allow for gut evacuation for 24 to 33 h, a length of time preliminary work has shown to be sufficient for the animal to empty all solid contents from the midgut and typical of previous studies [4, 5] . Digestive fluid to be used for in vitro extractions was obtained from the midgut region with a pipette, typically obtaining about 1 ml per individual from those animals given an opportunity for gut evacuation (25-50% less if worms were unevacuated, based on preliminary trials). The majority of the work was done with worms collected July through September of 2001, with a December 2001 collection used only for studies on the effects of extraction temperature (experiment 3 below). A single homogeneous batch of gut fluid was used always for all treatments within any given experiment.
Some experimental procedures required avoiding exposure to atmospheric oxygen, and in these instances gut fluid recovery was done in a nitrogen-filled glove box. Low dissolved oxygen conditions in the glove box were verified by dissolved oxygen meter (Ͻ1% saturation) and by BBL test strips (Becton Dickinson Microbiology Systems, Franklin Lakes, NJ, USA).
Gut fluid extractions all were done in duplicate using a ratio of 3 ml fluid to 0.3 g dry weight sediment. Based on the solids content of the sediment, the amount of wet sediment added to the gut fluid was manipulated to obtain the desired equivalent of 0.3 g dry weight. The dry sediment-to-fluid ratio of 0.1 used in these experiments was approximately one-third that of typical ratios in previous applications of the technique (e.g., [10] ), but was used to reduce the likelihood of saturation of ligands in the digestive fluid. Extractions were done in polypropylene centrifuge tubes for 2.5 h at 13ЊC (unless noted otherwise) under continuous agitation on an orbital shaker. For those experiments requiring no exposure to atmospheric oxygen, the tubes were prepared in a nitrogen-filled glove box, and maintained with a nitrogen atmosphere within the tube throughout the incubation. After completion of the extractions, the tubes were centrifuged at 4,000 g for 10 min to recover the gut fluid, which then was stored at Ϫ80ЊC until analysis.
Sediment characteristics
Sediments contaminated with trace elements were obtained from five locations, all of which had salinities of about 30 practical salinity units (psu) with the exception of Peyton Slough (4 psu) and Stege Marsh (20 psu).
Peyton Slough (PS). This brackish slough drains into northern San Francisco Bay near Martinez (CA, USA) at the former site of a copper smelter.
Stege Marsh (SM). This marsh near Richmond (CA, USA), was used by Stauffer Chemical as a disposal site until 1974. Pyrite was roasted to obtain sulfuric acid, and the residual cinders dumped into the Bay, filling the area until ultimately it became a marsh. Samples were taken from a layer of natural marsh sediments overlying the cinders.
San Leandro Bay (SL). This embayment of San Francisco Bay receives urban runoff from portions of Oakland and San Leandro (CA, USA). Samples were collected at the mouth of San Leandro Creek.
Lake Merritt (LM). Samples were taken from the channel connecting San Francisco Bay and Lake Merritt. The site is influenced heavily by urban runoff from Oakland (CA, USA).
Mission Creek (MC). This small tributary of San Francisco Bay runs through a commercial and industrial area of San Francisco. It receives urban runoff and occasionally untreated sewage due to sewer overflows.
Sediments were collected to a depth of about 10 cm with an acrylic core tube, the tube sealed with no headspace in the field, and stored at 4ЊC for up to 12 d. Because the effects of oxygen exposure on metal solubilization from anaerobic sediments was of interest, the upper 2 cm of the core sample was discarded (a depth more than sufficient to remove the more lightly colored aerobic surficial material), and the remainder homogenized by hand mixing under a nitrogen atmosphere.
The five test sediments exhibited a wide range of physical and chemical characteristics ( Table 1 ). Sediment SM, the site of acidic pyrite waste disposal, was noteworthy in its very high concentration of many metals and metalloids including As (262 g/g), Fe (126,000 g/g), Pb (782 g/g), Se (253 g/ g), and Hg (3.4 g/g). Sediment PS from the smelter site was high in Cd (16 g/g), Zn (3,350 g/g), and Cu (273 g/g). Its organic carbon content also was the highest, probably due to the presence of an adjacent marsh. Sediment MC was high in Pb (1,010 g/g) and Hg (1.05 g/g). Sediments LM and SL were the least contaminated, and contained trace element concentrations typical of San Francisco Bay in general [16] .
Chemical analyses
For analysis of trace elements, the digestive fluid sample was brought to 75 ml using 2% double-distilled nitric acid. One 25-ml aliquot was used for analysis of Fe, Mn, and Zn using microwave digestion and quantification by inductively coupled plasma-mass spectroscopy following U.S. Environmental Protection Agency (U.S. EPA) Method 6010 [17] . A second 25-ml aliquot was treated with additional double-distilled nitric and supra hydrochloric acid, bringing it to a final acid concentration of 6% nitric acid and 4% hydrochloric acid. The sample was microwave digested and used for analysis of As, Cd, Cr, Cu, Ni, Pb, and Se by inductively coupled plasma following U.S. EPA Method 200.8 [18] . The last 25-ml aliquot was used for analysis of Hg by cold vapor atomic absorption spectrophotometry following U.S. EPA Method 7470 [17] . All analyses were done by the East Bay Municipal Utility District laboratory (Oakland, CA, USA). Grain size analysis was done by wet sieving. Total organic carbon was determined on a Perkin-Elmer 2400B elemental analyzer (Perkin-Elmer, Wellesley, MA, USA) following acid vapor treatment to remove inorganic carbon. Bulk sediment Eh was measured with a redox electrode from Corning Glass Works (Corning, NY, USA; Model 476080), calibrated in Zobell's solution [19] .
Experimental design
This investigation included four components. Experiment 1 was intended to determine in vivo conditions within the gut of A. brasiliensis. Microelectrodes were inserted into the midgut immediately after it had been exposed by dissection. The microelectrodes used were all obtained from Microelectrodes (Bedford, NH, USA), and included electrodes for pH (Model MI-414), redox potential (Eh) (Model MI-800-414), and dissolved oxygen (Model MI-730). These electrodes all had tip diameters of 1.7 to 3.0 mm, approximately one-third the diameter of the midgut of A. brasiliensis. The Eh electrode was 
calibrated using Zobell's solution. Three groups of worms were measured. The first group was maintained in the lab in their home sediment and then removed for immediate measurements under a nitrogen atmosphere in order to provide the best possible representation of gut conditions in actively feeding organisms. The second group evacuated their guts in seawater for 24 h, and then gut measurements made under nitrogen. The third group evacuated their guts for 24 h, and measurements were made under a normal atmosphere. Experiment 2 was designed to determine whether the standard practice of obtaining gut fluid under a normal atmosphere altered its properties (Eh, pH, dissolved oxygen). After a 33-h gut evacuation in seawater, gut fluid from one group of A. brasiliensis was obtained under nitrogen. The second group was dissected under a normal atmosphere. For both groups, gut fluid from 7 to 10 individuals was composited for each sample, and fluid samples were held on ice throughout dissections and measurements.
Experiment 3 evaluated whether the temperature of incubation during sediment extraction had an effect on gut fluid properties. Fluid that previously had been obtained from gutevacuated worms dissected under normal atmosphere was incubated at 4, 13, and 21ЊC. The 13ЊC treatment was intended to mimic the home site conditions of the animals, while the 21ЊC treatment was approximately room temperature. These incubations were done on an orbital shaker as is typical for the in vitro extraction technique, but without addition of sediment.
In experiment 4 each of the five sediments was extracted with two gut fluids. An anaerobic treatment used gut fluid that had been collected under nitrogen, and the sediment extractions were done under a nitrogen atmosphere. An aerobic treatment employed gut fluid collected under air, and the extractions were done under air. The experimental design required that separate batches of gut fluid be used for the two treatments, but in order to minimize any differences in contaminant extraction properties other than those due to the atmosphere under which the fluid was obtained, both fluid batches were collected at the same time and each batch represented a composite of about 40 individuals.
RESULTS
Experiment 1: In vivo conditions
Prior to establishing how digestive fluid could be recovered so as best to mimic in vivo conditions, it was necessary to determine those conditions using microelectrodes inserted directly into the gut of A. brasiliensis. Regardless of whether an opportunity for gut evacuation was provided or whether measurements were made in an air or nitrogen atmosphere, in vivo conditions were similar in all treatment groups (Table 2) . Gut pH was near neutral, Eh was in the range of ϩ172 to ϩ195 mV, and there was little or no dissolved oxygen in the gut fluid. There were no statistically significant differences in any of the parameters among the treatment groups (KruskalWallis one-way analysis of variance; p Ͼ 0.05). 
Experiment 2: Conditions in dissected gut fluid
Because the prior experiment had shown no effect of a gut evacuation period, all worms were allowed to evacuate their guts in order to maximize gut fluid recovery, and then dissected under either nitrogen or air. When fluid was collected under nitrogen (Table 2) , its properties were indistinguishable from in vivo conditions. Dissections under air had no effect on pH or Eh (Mann-Whitney U test; p Ͼ 0.05), but did increase significantly the oxygen content of the fluid from about 1% to 5% saturation (Mann-Whitney U test; p Ͻ 0.01). The degree to which oxygen content was increased during dissection was highly dependent upon handling (i.e., injection of air during pipetting or pouring between containers). In the extractions under air for which data are shown, care was taken to avoid agitation during handling. In other extractions, saturation values have been as high as 20%.
Experiment 3: Effects of extraction temperature
Both Eh (ϩ230 mV) and pH (8.0) of all fluids used in experiment 3 were slightly higher than shown in previous data, perhaps due to seasonal differences (winter rather than summer collection of animals as in the other experiments). These parameters showed no change during a 4-h incubation, regardless of the temperature at which the fluids were held. Dissolved oxygen content of the fluid, however, did decline over the course of the incubation (Fig. 1) . Initial dissolved oxygen content was about 13% (higher than values shown previously because of the agitation provided by the orbital shaker). At the highest temperature (21ЊC), dissolved oxygen content declined to about 6% over the 4-h incubation. At temperatures of 4 and 13ЊC, there was minimal change in dissolved oxygen.
Experiment 4: Sediment extractions
The five test sediments were extracted with gut fluids obtained under anaerobic and aerobic conditions. The trace element concentrations in both the aerobic and anaerobic batches prior to sediment extractions were very similar, averaging 1,225 ng As/ml, 13 ng Cd/ml, 183 ng Cr/ml, 190 ng Cu/ml, 15,750 ng Fe/ml, 327 ng Mn/ml, 792 ng Ni/ml, 47 ng Pb/ml, 402 ng Se/ml, 5,740 ng Zn/ml, and 1.6 ng Hg/ml. Differences between the two batches were noteworthy only for Pb (26 and 68 ng/ml in aerobic and anaerobic batches, respectively) and Fe (13,600 and 17,900 ng/ml in aerobic and anaerobic batches, respectively). The greater Fe content of the gut fluid obtained in anaerobic dissections may have been due to trace amounts of blood inadvertently obtained while collecting gut fluid.
Over the course of the extractions, pH of the gut fluids in both the aerobic and anaerobic treatments generally were unchanged ( Table 3 ). The exception to this was sediment SM in which the gut fluid pH was reduced from about 7.3 to 5.5. The sediments at site SM contain acidic wastes, and the surface and groundwater pH at this site is Ͻ3 [20] . The Eh showed relatively little change in extractions with all sediments, and no dependence on whether aerobic or anaerobic conditions prevailed. Dissolved oxygen content was the only measured parameter that varied between the aerobic and anaerobic treatments. In extractions under air, the dissolved oxygen content increased in most cases due to the continual agitation of the sample during extraction, eventually reaching 10.8 to 14.5%. Oxygen decreased in sediments PS and MC, which were the most organic-rich and the most reducing (Table 1) . Under a nitrogen atmosphere, oxygen content began and remained negligible.
When trace element solubilization is expressed as a percentage of the metal initially present in the sediment (Fig. 2) , it is apparent that often Ͻ5% of particle-associated element is susceptible to gut fluid extraction. The Mn was a notable exception to this generalization, with nearly all the Mn extracted from sediment SM, perhaps related to its low pH, and 40% of the Mn was extracted from PS, the most Mn-contaminated sediment. Adsorption of substances in gut fluid to the particles, rather than desorption from the sediment was a common phenomenon for some trace elements. The As and Se initially present in the gut fluid often adsorbed to the sediment, approximately doubling the particle-associated As in some sediments (PS and SL). Adsorption also was occasionally seen for Ni, Pb, Zn, and Hg. There have been past reports of ad- Table 1 for site names and locations. Table  1 for site names and locations.
sorption during gut fluid incubations, most frequently of As and Hg [7, 10, 21] . Regardless of whether the trace elements were adsorbed to or desorbed from the particles, the aerobic and anaerobic treatments usually were identical in direction and roughly comparable in magnitude. Some notable exceptions, such as As in LM, Se in LM and MC, Hg in SL, tended to show unusually large standard deviations on the mean of the duplicates (Fig. 2) , suggesting the apparent differences may not be reliable. A broad overview of trace element concentrations in gut fluid following extractions gives the impression of similar extraction results under aerobic and anaerobic treatments in most instances (Fig. 3) . However, this view is somewhat distorted by the fact that in many cases the solubilization (or adsorption) of metal or metalloid during the extraction is small relative to the high concentration in gut fluid prior to extraction [22] . Therefore, in this and subsequent analyses, we subtracted the trace element content of the fluid prior to extraction, and did all analyses based on the gain or loss following sediment incubation, herein termed excess metal or metalloid. To first examine the influence of oxygen from the broadest perspective, we determined the absolute value of the difference in mean excess metal between the aerobic and anaerobic treatments for each trace element from each sediment, and contrasted this difference with the difference between the duplicates within each treatment (i.e., were extraction differences between the aerobic and anaerobic treatments any more variable than were duplicates within the aerobic or anaerobic treatment?). The differences in the duplicates within both the aerobic and anaerobic treatments were significantly smaller than the differences in excess trace element concentration between treatments (Wilcoxon matched-pairs signed-ranks tests, one-tailed p Ͻ 0.01), indicating that overall the presence of oxygen did alter trace element solubilization.
Though the presence of oxygen did have a significant influence, it was more difficult to identify consistent patterns either among sediments or trace elements. For 37 of the 55 element/sediment combinations (5 sediments, 11 elements per sediment) there was an apparent effect of oxygenation in that the concentrations of excess trace element in the duplicate aerobic treatments did not overlap with the duplicates of the anaerobic treatments. Note that by this analysis of overlapping duplicates, one would expect half of the element/sediment combinations to be nonoverlapping by chance alone. The fact that we found two-thirds of the combinations to be nonoverlapping suggests differences in metal extractability between aerobic and anaerobic treatments are greater than chance. Table 4 . Number of the five total sediments identified as a concern for each metal or metalloid when extracted under aerobic and anaerobic treatments. Criterion for concern was set at a doubling of pre-existing metal concentration in both replicate gut fluids within a treatment following sediment incubation. See Table 1 for site names and locations
Metal
Not of concern, either treatment
Of concern, both treatments Of concern, aerobic only Of concern, anaerobic only As Cd Overlap of the data from the duplicates (i.e., no difference in extraction between treatments) were most commonly found among six elements (Cr, Hg, Se, and, to a lesser extent, Cd, Fe, Zn). Even when there were differences between treatments for these substances, they were not consistent in direction among the sediments, indicating no predictable influence of oxygenation.
Three metals tended to show higher concentrations of excess metal when extractions were done aerobically, including Pb (5 of 5 sediments), Ni (4 of 5 sediments, excluding SM), and Cu (4 of 5 sediments, excluding PS). The opposite was true for Mn and As, which tended to show higher excess concentrations when extracted anaerobically (4 of 5 sediments, excluding SM for Mn; 4 of 5 sediments, excluding PS for As). In the case of As, which tended to adsorb to rather than be extracted from the sediments, higher excess concentrations when done anaerobically reflected a decrease in that adsorption. We caution that these patterns for Pb, Ni, Cu, Mn, and As should be viewed only as suggestive trends, because with only five sediments it is not possible to demonstrate statistical significance.
When differences existed in excess trace element concentrations between treatments, they were relatively small. For the five metals or metalloids that tended to show unidirectional differences between the treatments (Pb, Ni, Cu, Mn, and As), the difference in excess concentrations rarely exceeded a factor of two. The greatest difference between treatments observed in excess concentrations of any trace element in gut fluid following sediment extraction was a factor of 5 (Cu from sediment LM; 49 ng/ml anaerobically and 224 ng/ml aerobically).
It is valuable also to assess the differences in trace element solubilization between treatments from a risk assessment perspective (i.e., would a sediment be identified as of concern if extracted anaerobically, but not if extracted by simpler aerobic procedures?). To address this question, we arbitrarily chose a doubling of trace element concentration (excess trace element equal to pre-existing element in gut fluid) in both replicates of a treatment as a threshold of potential concern, and then determined which trace elements and which sediments would be of concern if assessed aerobically or anaerobically. Of the total 55 element/sediment combinations (5 sediments, 11 elements), 40 were not identified as of concern by either treatment (Table 4) . Both treatments identified the same eight element/sediment combinations as of concern. The treatments differed on seven element/sediment combinations, with five identified as of concern only when extracted aerobically, and two identified as of concern only when extracted anaerobically. Thus overall, when assessing the risk posed by a given trace element in a given sediment, in 87% of the cases (48 of 55) the results were unaffected by whether the gut fluid was exposed to oxygen during collection and incubation. We note, however, that this measure of success is highly dependent on the increase in excess trace element concentration chosen to trigger concern. Lacking any generally accepted standard, we chose a doubling in excess concentration as a reasonable but arbitrary value for illustration.
DISCUSSION
The sediments from which A. brasiliensis were collected were highly reducing, with a strong sulfidic odor and Eh values of about Ϫ100 mV. Yet the light brown color of the burrow lining suggests an irrigation behavior that oxidizes sediments surrounding the animal. The Eh of ϩ170 to ϩ230 mV observed in A. brasiliensis midgut also suggests ingested sediments are oxidized relative to the bulk material. Our data on A. brasilensis agree well with those from the confamilial species, Abarenicola pacifica which has an electropositive midgut Eh of about ϩ140 mV, a neutral pH, and no dissolved oxygen [15] .
The gut conditions within arenicolids are consistent with those observed in a wide variety of deposit feeding taxa. The pH range we observed in A. brasiliensis gut fluid (7.2-8.1) is within the range reported for deposit feeders in general, which tend to have gut pH ranging from six to eight [4, 23] , and reach five in some bivalves [3] . Fewer data are available on Eh in deposit-feeder guts, but the limited data suggest it can be quite variable among species depending on the redox potential of ingested material and oxidant consumption by bacteria during gut passage. Negative Eh (ϽϪ90 mV) conditions exist in the gut of the polychaete Nereis succinea [23] . Midgut Eh in a variety of other annelids and holothuriods ranges from Ϫ37 to ϩ386 mV [15] . The redox potential in A. brasiliensis (ϩ170Ϫϩ230 mV) is perhaps controlled by the ferrous-ferric iron redox couple, which lies at similar values in the presence of abundant organic complexing agents [24] such as would be found in gut fluid. Because the total concentration of iron in arenicolid gut fluids is ca. 300 M (our data and [22] ), the redox buffering capacity of this couple may be considerable.
In our studies, evacuation of the gut for 24 h prior to collection of the digestive fluids did not affect the fluid pH, Eh, or dissolved oxygen concentration. A 31-h evacuation has been shown to have no effect on gut activity of five enzyme classes, total amino acids, total organic carbon, or benzo[a]pyrene and zinc solubilization by the fluid [4] . The only change that has been reported was a reduction in gut fluid surfactancy in about half of the evacuated individuals [4] . Given that gut evacuation appears to have little if any impact on a wide range of gut fluid properties, yet increases the ease and volume of fluid recovery, it appears appropriate to incorporate this step in the protocol for obtaining gut fluid.
Incubation temperature did not affect pH or redox potential of the gut fluid in our experiments, however dissolved oxygen concentrations were lower in the room temperature treatment. This reduction likely would not have a major influence on contaminant solubilization in most instances, but could be important for a few trace metals as discussed below. Our results should not be used to eliminate the possibility of a temperature effect on contaminant extraction through other fluid properties not measured in these experiments. Activity of the digestive enzymes of A. brasiliensis are, like other enzymes, temperature dependent. It appears that at least some metal solubilization by deposit-feeder digestive fluids is attributable to binding of the metal with specific amino acids, rather than a function of the enzymatic role of the protein with which those amino acids are associated [11] . However, a temperature-induced change in the three-dimensional structure of intact proteins or the kinetics of digestive proteolysis could provide fewer or more ligands accessible to the metal, thus altering contaminant solubilization. It is unlikely that conformational changes occurred in the 4 to 21ЊC temperature range used in these experiments because many A. brasiliensis digestive enzymes have temperature optima at the high end of this range (17-25ЊC; [25] ); however the potential for conformational changes should be recognized for other species and temperatures. In addition, digestive surfactants are known to be critical in solubilization of hydrophobic organic compounds [12] , and creation of surfactant micelles is temperature dependent. The relationship between temperature and micelle formation is complex, and whether a given increase in temperature will promote or inhibit micelle formation depends upon the specific surfactant and the range over which the temperature increase occurs [26] [27] [28] . Given the potential effects of temperature on dissolved oxygen content of the fluid, enzyme activity, and surfactancy, we believe that despite the minimal effects demonstrated by these experiments, it is prudent to perform in vitro extractions at a temperature comparable to the home site of the animal from which the digestive fluid was obtained. This procedure would be particularly important if one is studying toxicokinetics or there is some other reason to approximate in vivo conditions as closely as possible. Temperature control may be less important if one is using in vitro digestive fluid extraction as a means to quantify relative solubilization differences between sediments.
Typical aerobic procedures for digestive fluid collection and sediment extraction maintain in vivo pH and Eh, but substantially increase the oxygen content of the fluid. Overall, oxygenation does have an effect on trace element solubilization; the differences in excess trace element concentration following sediment extraction under aerobic and anaerobic treatments were greater than differences within either the aerobic or anaerobic treatment. Under anaerobic conditions, Mn and As tended to be better extracted or remain in solution. Under aerobic conditions, Ni, Pb, and Cu showed greater gut fluid solubilization. The greater aerobic solubilization of Ni, Pb, and Cu may have been due to the oxidative release of these metals occluded in or coprecipitated with iron sulfide phases. Dissolution of FeS upon exposure to oxygen can be near complete within the 2.5-h timeframe of the gut fluid extractions [29] , though the lack of a consistent increase in solubilized Fe suggests its reprecipitation as oxides or hydroxides. Previously we have shown Cu in ferric oxide forms to be far better extracted by gut fluid than sulfide forms [8] . The higher Ni, Pb, and Cu concentrations in aerobic extractions also could be due to dissolution of monosulfide phases of these metals; however the kinetics of their dissolution upon exposure to oxygen suggests only a small fraction of these sulfide phases would have been oxidized within 2.5 h [30] .
For other elements, notably Cr, Se, and Hg, the presence of oxygen did not affect in vitro extraction, in general. These substances often adsorbed to rather than desorbed from the sediments during the in vitro incubation, and the extent of adsorption or desorption was unaffected by oxygen. For the remaining metals tested (Fe, Cd, Zn) there were occasional instances of differences in extraction between aerobic and anaerobic treatments, though either treatment was just as likely to yield higher concentrations in the gut fluid depending on the sediment tested. It has been reported previously that oxidation of sediment increases extraction of Cd and Zn by digestive fluid [2] . The different result from our study simply may be a function of the sediments tested, for we occasionally found greater aerobic Cd and Zn solubilization as well, but only in a minority of the sediments tested. Alternatively, kinetic considerations may be responsible, for our anaerobic sediments were oxidized for only the 2.5-h duration of the extraction, whereas the previous investigators [2] used sediments that were oxic in situ.
Our data suggest the presence of oxygen in gut fluid often has effect on the concentration of solubilized trace elements, though the effect usually is small (Ͻ2-fold). This result is consistent with those of Griscom et al. [3] who examined extraction of Ag, Cd, and Co from several substrates using bivalve (Macoma balthica) gut fluid. Fluid that had been bubbled with air usually showed comparable extraction of Ag, Cd, and Co as fluid that had been kept anoxic, and when differences were observed they were far less than twofold.
Obtaining gut fluid by dissection and conducting the sediment extractions under inert gas is considerably more difficult than the typical aerobic procedures that have been the norm in previous applications of the digestive fluid extraction technique. The additional effort to conduct the extractions anaerobically certainly is justified if the trace elements that appear to show the greater influence of oxygenation state (Pb, Cu, Ni, Mn, As) are of concern, and if there is an implicit need to mimic in vivo processes with a high degree of accuracy. For example, the in vitro extraction technique has been used to estimate digestive solubilization and compare it with ab-sorption efficiency to determine if all solubilized contaminant is absorbed subsequently [3, 31] . In such applications where it is essential to estimate accurately in vivo solubilization, the additional effort of preventing oxygenation of the gut fluid is warranted.
Though fluid oxygenation can influence in vitro trace element solubilization, the difference may not be sufficient to justify the extra effort in other applications. Even when differences in trace element extraction occurred, they were nearly always less than a factor of two. An error of this magnitude may be acceptable in determination of relative sediment risk. Our test of the approach as a sediment risk assessment tool showed that the identification of sediments of concern was affected by oxygen presence in only a minority of cases (13%) if a doubling of gut fluid trace metal concentration was selected as an arbitrary threshold of concern. Finally, only Mn and As tended to be better extracted anaerobically, and thus for all other trace elements tested where there are differences in aerobic versus anaerobic extraction efficiency, the aerobic extractions are more likely to overestimate in vivo solubilization and err on the overly protective side.
